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Abstract
The effect of Ag doping concentration on the microstructure, transport properties and weak-link profile of YBa2Cu32x-
AgxO72d bulk superconducting compound was investigated through resistance–temperature ðR–TÞ; ac magnetic susceptibility
ðx2 TÞ; scanning electron microscope (SEM), X-ray diffraction (XRD) and the critical current density ðJcÞ versus applied
magnetic field ðJc 2 BÞ measurements. We used the additive method with cationic ratio of x ¼ 0:12 0:4 for the YBCO-Ag
system. The change in the silver doping concentration slightly affected the transition temperatures ðTc;zeroÞ; whereas, the critical
current densities ðJcÞ of the samples and their magnetic field ðBÞ dependencies were noticeably affected. The improvement on
the microstructural properties of YBCO bulk superconductors was observed in SEM analysis, the Jc values increased and their
magnetic field dependencies decreased with the increasing of Ag concentration up to x ¼ 0:2: As well as the current transport
properties. Ag doping up to a certain amount produces texturing that gives rise to a modification in the weak-link profile
resulting in an enhanced strength of flux pinning which causes an increase in the current carrying capacity.
q 2004 Published by Elsevier Ltd.
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1. Introduction
The effect of doping on the superconducting YBCO
ceramics has been extensively studied in order to improve
their mechanical, structural and superconducting properties.
The interest in doping has focused on Ag due to its good
results obtained in improving the performance of YBCO
[1–8]. The advantages of silver doping may be related to its
ability in the enhancement of the critical current density and
grain growth. Generally, it is believed that Ag diffuses into
the grain boundary as a metal during thermal processing and
it is responsible for the increasing interconnections between
the grains [7]. This suggests that the amount of weak links in
the structure is decreased by the improved interconnections
and the pinning centers are improved achieving higher
critical current density. It is also known that silver improves
the grain orientation and oxygen diffusion during the final
formation of the 1–2–3 phase [8]. Many studies have been
made for the influence of Ag doping into the YBCO by
different processes. An increase in the critical current
density has been observed by Mendoza et al. [5]. The study
related to the destruction in the grain boundaries and the
enhancement in the critical current density by electro-
chemical Ag doping has been made by Matsumoto et al. [7].
The improvement in the grain structure of YBCO strongly
depends upon the amount of Ag added. The excess
concentration of Ag plays an important role as of preventive
factor on the increasing of the grain sizes. Enough amount of
Ag is responsible for the providing interconnection between
the grains by filling into the pores in the structure. During
the thermal processing, liquid silver fills into the pores
because of the processing temperature of YBCO are
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significantly higher than the melting point of silver. It has
been found that Ag neither affects the orthorhombic
structure of YBCO nor reacts with or replaces any of its
constituents [6].
The c-axis alignment of the structure is improved by the
Ag addition up to a certain amount, thus improving the
superconducting properties. With the excess amount of
doping, the size of YBCO grains and their the c-axis
orientations diminish, thus causes Jc to decrease. The
investigation of the field dependence of the critical current
density Jc is a very efficient tool in revealing the effect of
weak-links and pinning centers in superconductors. The Jc
as function of magnetic field ðBÞ decreases with a certain
amount of Ag doping but rapidly increases with the excess
Ag concentration. In this study, we investigated the effect of
Ag doping concentration with cationic ratios of x ¼
0:12 0:4 on the transport properties and weak-link profile
of YBCO by optimizing the preparation process. The
characterization of the samples carried out by ac suscepti-
bility, R–T ; Jc 2 Ba; SEM and XRD measurements.
2. Experimental
The pure and Ag-doped YBa2Cu3O72d samples were
prepared by the conventional solid-state reaction method
under identical conditions. Y2O3(99.99%), BaO(99.99%),
CuO(99.99%) and Ag2O(99.99%) powders were used as the
starting materials. The powders with the molar ratio of
Y:Ba:Cu:Ag ¼ 1:2:3 2 x:x ðx ¼ 0:002 0:40Þweremechani-
cally well mixed for 1 h in an agate mortar and then were
calcined twice at 920 8C for 24 h. The calcined materials
were reground finely and pressed into pellets of 10 mm
diameter at 400 MPa. The pellets were sintered in air at
950 8C for 50 h in a tabular furnace and then cooled down to
room temperature a rate of 2 8C/min. The heat treatment
processes of all samples were performed in alumina
crucibles. The sample names were denoted as sample A,
B, C, D and E depending on the doping concentrations of
x ¼ 0:0; 0.1, 0.2, 0.3 and 0.4, respectively.
The ac electrical resistance measurements were made by
using standard four-probe method and measured by a two
phase SR 530 Lock-in amplifier in the liquid nitrogen
cryostat. The temperature of the samples was monitored by
a calibrated Lakeshore Pt-thermometer. For Jc versus B
measurements, the bulk samples were cut into rectangular
bars from the pellets and they were thinned by using
abrasive papers. The Jc 2 Bmeasurements were made using
a standard four-probe method, and contacts were made by
using silver paste. For magnetic fields between 7.6 and
45.6 mT, a copper wire solenoid was used and field direction
was kept perpendicular to the measuring current direction.
For the critical current a 1 mV/cm criterion was employed.
X-ray diffraction patterns of the samples were obtained in
the range of 2u ¼ 3 to 608. SEM micrographs for the study
of surface morphology of the samples were obtained using
a XL 30S FEG SEM. The ac magnetic susceptibilities ðx0 2
ix00Þ of the samples were measured by mutual inductance
bridge, using a two phase SR 530 Lock-in amplifier to pick
up in-phase ðx0Þ and out-of-phase ðx00Þ signals of secondary
coils.
3. Results and discussion
Fig. 1 shows the resistive transition ðR–TÞ of the
samples. It is clearly seen from the curves that the transition
temperatures were slightly changed by the Ag content. As
indicated in the inset in Fig. 1, the transition temperatures of
the samples varied from 87 to 90 K with the increase in Ag
concentration (up to x ¼ 0:2; sample B and C). For the
samples D and E (x ¼ 0:3 and 0.4), Tc;zero decreased down to
below 87 K. The normal state resistances of the samples
decrease linearly as the concentration of silver increases up
to x ¼ 0:2: As Ag fills the space between the YBCO grains,
hence decreasing the porosity of the superconducting
sample, this leads to a short-circuiting of the grains in the
normal state.
The ac magnetic susceptibilities of the samples were
measured in ac field of 10 A/m with a frequency of 1 kHz in
the temperature range of 77–125 K. The inductive (x0; or in-
phase) and resistive (x00; or out-of-phase) components are
shown in Fig. 2, which indicates that the diamagnetic
transition temperatures are slightly different in values with
varying Ag concentration. The pure sample showed the
superconducting transition at Tc ¼ 89 K: Although the
diamagnetic transition temperature shifted to 92 K for
the sample B ðx ¼ 0:1Þ; the strongest diamagnetic behavior
was observed for the sample C ðx ¼ 0:2Þ at Tc of 90 K. The
diamagnetic saturation occurs at the temperature below of
85 K for the sample B, indicating the effect of weak-link in
this sample. As seen from the Fig. 2, the curve of this
sample exhibits a tail between the temperature range of
Fig. 1. Reduced resistance–temperature curves of pure and Ag
doped YBCO samples.
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85–90 K. However, the sample C has very sharp diamag-
netic transition at 90 K, thus showing a very homogeneous
YBCO phase. Decrease of the diamagnetic transition
temperatures was also observed for the samples D and
E. For these samples, the diamagnetic transition tempera-
tures shifted to lower values than that of the pure sample.
This means that the doping concentration above x ¼ 0:2
causes a degradation on the superconducting properties of
grain boundaries and their alignments, thus lowering the
diamagnetic response of the YBCO compound. The results
of the resistance and susceptibility measurements indicate
that the optimized amount of Ag doping improves the
transition temperature and diamagnetic behavior of YBCO
composites but exceeding that value results in degradation
on these properties.
Fig. 3 shows the XRD patterns of pure and YBCO-Ag
samples. As we expect, the XRD patterns for the sample C
showed an improvement in c-axis orientation. But also we
observed that the phases appeared in samples with low Ag
begin to disappear as doping level goes up to x ¼ 0:2 and
increasing again with the Ag content above x ¼ 0:2: The
lattice parameters for all samples did not deviate from an
orthorhombic cell, thus indicating Ag neither affects the
orthorhombic structure of the YBCO nor reacts with or
replaces any of its constituents.
Fig. 4 shows the surface morphologies of the pure and
YBCO-Ag composites obtained by scanning electron
microscopy (SEM). In Fig. 4(a), the morphology of the
pure sample is shown. The grain structure and the porosity
of this sample are typical for the YBCO pelletized at the
pressure of 400 MPa. It is clearly seen from the micrographs
that the grain sizes and their orientation were improved with
the Ag addition up to a certain amount. As Ag concentration
increases up to x ¼ 0:2; (in Fig. 4(b) and (c)), the grains
become larger and oriented more orderly and the structure
becomes almost non-porous. It can be noticed that the
sample C has the highest bulk density and the grains in that
sample are strongly linked. As Ag concentration exceeds
optimum value, x ¼ 0:2; (in Fig. 4(d) and (e)), the structure
becomes more porous than the pure sample and the grain
sizes significantly decrease. Here we believe the excess Ag
addition (above the concentration of x ¼ 0:2) prevents the
growth of YBCO grains, thus resulting in degradation on
superconducting properties of the samples.
Fig. 5 a shows the magnetic field ðBÞ dependence of the
critical current density ðJcÞ for all samples. It is found that, a
strong increase of Jc was obtained for the sample C with an
enhancement factor of 169% at 77 K and B ¼ 0 mT. There
exists a strong correlation between the Ag content and the Jc
enhancement, thus showing that the Ag content, up to a
certain amount, is responsible for improving the super-
conducting properties of YBCO composites. This enhance-
ment in Jc depends on strongly linking of the YBCO grains
by Ag resulting in a modification of defect nature in the
grain boundaries besides filling the pores in the structure.
The increase of grain sizes and their orientations in the
samples as the increasing of doping level (seen in SEM
micrographs) are also thought to be responsible for the Jc
enhancement. However, the Ag concentration above x ¼
0:2; the size of YBCO grains decreases and their
orientations become more arbitrary. All these effects cause
a decrease in Jc significantly. As seen from the Fig. 5(b), the
critical current densities increased with Ag content up to
x ¼ 0:2 and rapidly decreased above this value. This shows
us that the Ag doping improves the grain boundary structure
up to a certain degree, thus improving the superconducting
properties; hence give higher critical current densities. In
contrary, in the case of excess doping concentration, Ag
impedes the grain growth, thus degrading the superconducting
properties; hence, the critical current densities are reduced.
Fig. 2. AC magnetic susceptibility–temperature curves of pure and
Ag doped YBCO samples.
Fig. 3. XRD patterns of pure and Ag doped YBCO samples.
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As shown in Fig. 5(c), the normalized critical current
density, JcðBÞ=Jcð0Þ; were plotted against magnetic field,
B at 77 K. In which, the magnetic field dependencies of
the critical current densities of the samples doped with
different amount of Ag are clearly exhibited. As we
expect, the sample C showed the slowest Jc drop under
applied field. Here, we conclude that the magnetic field
dependence of Jc in YBCO compounds decreases with
the Ag doping increases up to an optimum amount. In
bulk YBCO composites, magnetic flux penetration also
occurs through the micro-cracks. In addition to the
improvement on the grain structure, Ag addition also
Fig. 4. SEM micrographs of pure and Ag doped YBCO samples with different Ag concentration: (a) x ¼ 0; (b) x ¼ 0:1; (c) x ¼ 0:2; (d) x ¼ 0:3
and (e) x ¼ 0:4:
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reduces the micro-crack formation hence modifying
the structure. This means that Ag precipitates reduce
the effect of inter-grain weak-links and enhance the
effectiveness of pinning centers.
4. Conclusion
In this study, we investigated the effect of Ag doping on
the superconducting and transport properties of YBCO
ceramics. The improvement in the microstructure and in the
superconducting properties of the samples was observed
with the variation of cationic ratio of Ag up to x ¼ 0:2: The
critical current density of the sample C enhanced by the
factor of 169% at 77 K and B ¼ 0 mT. By the investigation
of magnetic field dependence of the critical current density,
we observed that the Jc versus B dependency decreases with
increasing of Ag content up to x ¼ 0:2: This indicates that
the Ag doping improves the grain growth and their
orientations, and modifies the inter-grain weak-links. In
the temperature processing of YBCO ceramics, liquid Ag
fills into the pores of the structure and modifies the micro-
cracks, thus strengthening the role of pinning centers.
However, when the Ag content exceeds x ¼ 0:2; the
structure and thus the superconducting properties of the
samples deteriorate. The excess amount of silver plays a role
of preventing factor for the growth of YBCO grains.
Consequently, grains become smaller and arbitrarily
oriented hence showing lower performance for the high
current applications.
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